When the temperature of incorporation of sodium acetate-1 ,2-"C into lipids of alfalfa (Medicago media Pers. var. Rambler and Medicago sativa L. var. Caliverde) roots was lowered from 22 C to 1 C, elongation and desaturation of fatty acids and the labeling of phosphatidylcholine were strongly stimulated.
hardy variety Rambler, but only slightly in the case of the frost-sensitive variety Caliverde. When incorporation was done at 1 C at various times of hardening, labeling decreased significantly in linoleic acid with a corresponding increase in oleic acid. Hardening, therefore, repressed specifically the initial low temperature stimulation of oleic acid desaturation, without affecting the stimulation of elongation of palmitic acid and the desaturation of stearic acid at low temperature. The radioactivity in linoleic acid was slightly greater in hardy Rambler than in Caliverde throughout hardening.
When feedings were done at 1 C at various times of hardening, labeling of phosphatidylcholine increased in Rambler while it decreased in Caliverde. Throughout the hardening period, when incorporation was done at 1 C, linoleic acid represented a higher percentage of the label in phosphatidylcholine than in phosphatidylethanolamine or triglycerides and its specific radioactivity was much greater in phosphatidylcholine than in phosphatidylethanolamine and triglycerides and in Rambler than in Caliverde. Phosphatidylcholine seems, therefore, to play a special part in linoleic acid synthesis and in its control during the acquisition of frost hardiness.
During hardening of alfalfa at low temperature, large increases in lipids (total fatty acids, linoleic acid, phospholipids, ' Contribution No. 55, Canada Department of Agriculture Research Station, Ste-Foy, Quebec. Where correspondence concerning this paper should be addressed. and triglycerides) have been observed (8) . These increases, except that in triglycerides, were greater in the hardy variety Rambler than in the frost-sensitive variety Caliverde. The degree of unsaturation of the lipids also increased more in Rambler than in Caliverde.
Low temperature stimulates incorporation of "C-labeled acetate into unsaturated fatty acids of nonchlorophyllous tissues (9, 10) and in alfalfa roots (7) . However, the effect of a prolonged low temperature treatment (hardening) on acetate incorporation into plant lipids has not yet been studied.
As a first step in the study of the control of lipid metabolism during hardening of alfalfa, the incorporation of "C-labeled acetate into the lipids of the roots was compared in the varieties Rambler and Caliverde after various times of controlled hardening.
MATERIALS AND METHODS
Growth and Hardening of Plants. Seeds of alfalfa (Medicago media Pers., var. Rambler and Medicago sativa L., var. Caliverde) were sown in Kamouraska sandy loam and maintained in a growth cabinet at 20 C day/ 15 C night temperatures, 16 hr photoperiod and 25,000 lux. Three-week-old plants were placed under hardening conditions (1 C, 8-hr photoperiod, light intensity of 7,500 lux). Their frost resistance was measured before and after hardening as described previously (6) .
Feeding of "C-Acetate to Roots. The roots (approximately 1 g of tissue) were cut below the crown, rinsed, and weighed. They were shaken in the dark in 50-ml Erlenmeyer flasks containing 5 ,uCi of sodium-1 , 2-"C-acetate (New England Nuclear, 54 mCi/mmole) in 5 ml of potassium phosphate buffer (40 mM, pH 5) and covered by a rubber cap fitted with a hyamine hydroxide CO2 trap. Feedings were carried out in triplicate. The incorporation was stopped with HCl, final concentration 1 N. The hyamine hydroxide was recovered 30 min later. Tissues were rinsed, blotted, and covered with 10 ml of ice-cold methanol. Uptake was determined by measuring the radioactivity remaining in the medium. At various times of the hardening experiments, incorporations lasted 6 hr at 22 C and 12 hr at 1 C.
Extraction, Separation, and Characterization of Lipids. Root lipids were extracted and purified by a modification of the method of Bligh and Dyer (1) as described elsewhere (8) .
Total lipids were separated by TLC on precoated Silica Gel G plates (Analtech, Inc., Newark, Del.) using the method of Hirayama and Matsuda (11 Fatty Acid Analysis. Methylated fatty acids from total lipids and groups of lipids were analyzed by GLC (Pye 104 fitted with a flame ionization detector, an effluent splitter 10: 1 and a 1.5 m X 6 mm column packed with 20% DEGS on Gas-Chrom Q, 100-120 mesh) at a column temperature of 185 C, and flow rates for helium, hydrogen, and air of 70, 45, and 700 ml/min, respectively. Methyl heptadecanoate was used as internal standard.
To resolve the positional isomers of octadecenoic acids, the fatty acid methyl esters were separated by TLC on Silica Gel G impregnated with 30% (w/w) silver nitrate. The plates were developed three times in toluene at -25 C (16) . The isomers were detected with dichlorofluorescein and identified by cochromatography with oleic, vaccenic, and petroselinic acids (9-, 11-and 6-octadecenoate, respectively) and subsequent GLC of the eluates. Where two sets of data were statistically compared, standard methods for comparing regression curves were used, including F tests. A value of P > 0.05 was regarded as not significant. RESULTS Kinetics of Incorporation of "C-Acetate into Total Fatty Acids at 22 C and 1 C. The initial rate of incorporation of "Cacetate into the total fatty acids of alfalfa roots at 22 C was approximately twice that at 1 C. At 22 C, the percentages of labeling in individual fatty acids remained relatively constant throughout the incorporation, whereas at 1 C the percentages of oleic acid decreased and that of linoleic acid increased markedly with time ( Table I ). The rate of incorporation into linoleic acid, when expressed in dpm/g fresh weight, remained constant for 24 hr at 1 C whereas it started falling off after 6 hr at 22 C. Feeding at low temperature greatly decreased the labeling of palmitic, palmitoleic, and stearic acids and markedly increased the labeling of linoleic acid (Fig. 1 , Table I ). Oleic acid was the only labeled positional isomer of octadecenoic acid.
Measurement
When the labeled lipids were separated by TLC, seven main radioactive peaks were detected, at both temperatures of incorporation. They are identified in Figure 2 . Traces of radioactivity were also observed in galactolipids, sterol glycosides, and esterified sterol glycosides. The last two groups were well separated from free sterols. Rechromatography of PC showed it to be free of any other radioactive lipid. Although FS were heavily labeled, hydrolysis of the SE showed that their radioactivity was associated mainly with the fatty acid moiety.
At 22 C the labeling of neutral lipids increased with time, while that of polar lipids remained relatively constant (Table  II) . Low temperature greatly stimulated the incorporation into most phospholipids, especially PC.
Incorporation of "C-Acetate into Lipids. The absorption of 4C-acetate increased approximately 20% in both varieties during the first days of hardening and remained constant thereafter. Incorporation of '4C-acetate into lipids increased strongly during hardening in the hardy variety Rambler at both temperatures of incorporation (Fig. 3) . In Caliverde, however, this increase was very slight at 22 C, and there was a decrease in incorporation at 1 C.
Incorporation of "4C-Acetate into Individual Fatty Acids. A general increase in the labeling of all fatty acids, expressed as dpm/g fresh weight, was observed when incorporations were done at 22 C at various times of hardening with the exception of palmitoleic acid in Rambler (Fig. 4) . When incorporations were done at 1 C, the labeling in oleic acid increased while that in linoleic acid decreased with hardening. At 1 C, the labeling of linoleic acid was significantly greater in the variety Rambler than in the variety Caliverde (P < 0.05). The percentage of the radioactivity in linoleic acid decreased markedly in both varieties with hardening, with a corresponding increase in oleic acid (Fig. 5) . This effect was especially striking when "4C-acetate was incorporated at 1 C. The proportion of radioactivity in linoleic acid was significantly greater in Rambler than in Caliverde (P < 0.05).
Incorporation of '4C-Acetate into Lipids Separated by TLC. When roots were fed '4C-acetate at 22 C, the percentage of radioactivity in PC and SE increased strongly (Table III) . The increase in PC was greater in Rambler than in Caliverde. When feedings were done at 1 C, the increase in PC was much less and only temporary. The proportion of radioactivity in PC at 1 C is, however, significantly greater in Rambler than in Caliverde (P < 0.001) while that in SE is significantly greater in Caliverde than in Rambler (P < 0.005).
When the data were expressed as dpm/g fresh weight, the radioactivity increased greatly in Rambler during hardening in PC, PE, and SE at both temperatures of incorporation (Fig. 6) (Fig. 7) . The effect was greatest in PC and much less in TG than in PE and PC. The radioactivity in linoleic acid was rather low in TG and significantly greater in PC than in PE (P < 0.001).
The specific activity of linoleic acid, always much greater in PC than in PE and TG, decreased rapidly at both temperatures of incorporation during hardening (Fig. 8) . The specific radioactivity of linoleic acid in PC was significantly greater in Rambler than in Caliverde throughout the hardening period (P < 0.005).
DISCUSSION
Our data on the kinetics of incorporation of "4C-acetate into lipids of alfalfa roots at 22 C and 1 C confirm earlier work of Grenier et al. (7) . On the basis of these results 6 hr at 22 C and 12 hr at 1 C were chosen for the assay of lipid biosynthesis after various times of hardening. Times chosen make it possible to detect stimulation of total fatty acid synthesis and allow enough incorporation for subsequent radioGLC. A relatively long time of incorporation was required at 1 C to show changes in the amount of linoleic acid synthesized from oleic acid. Although incorporations were made at two temperatures at various times of hardening, the comparisons which were attempted in this work were between different times of hardening and between varieties, and not between temperatures. Results at 1 C tend to show what is happening at hardening temperatures, while incorporation at 22 C express better the potential of the tissue for fatty acid synthesis at various times of hardening.
Low temperature stimulates the elongation and the desaturation of fatty acids. Increased desaturation at low temperature has often been observed in plants (6, 8-10, 13, 14) . The decrease in the labeling of palmitoleic acid (16:1-9-cis) at 1 C cannot be explained by elongation to vaccenic acid (18 :1-1 1-cis) as suggested earlier by Grenier et al. (7). Perhaps Figure 2 it can be explained by the rapid elongation of palmitic acid at low temperature. variety Rambler, agrees with our earlier observations on fatty acid content during hardening (6, 8) and confirms that fatty acid synthesis is involved in the frost hardening process. The stimulation was not correlated with the increase in absorption early during hardening. Frost hardening repressed specifically the initial stimulation by low temperature of the desaturation of oleic acid to linoleic acid but did not affect the initial stimulation by low temperature of the elongation of palmitic acid and the desaturation of stearic acid (Fig. 5.) . The fact that the proportion (i.e. percentage of radioactivity in lipids) of the labeling in oleic acid increased beyond its initial value is further evidence that the control was specifically on the desaturation of oleic acid. The results show that the available 02 in solution is not the only rate-limiting factor explaining the stimulation of desaturation at low temperature (9, 10). Indeed, after 12 days of hardening, the rate of desaturation of oleic acid was little affected by the temperature of '4C-acetate incorporation, even if stearic acid desaturation was almost doubled. A more elaborate control of fatty acid desaturation must therefore exist at the enzymatic level, at least in the case of oleic acid desaturation. The fact that the proportion of radioactivity in linoleic acid was significantly greater in Rambler than in Caliverde throughout hardening could explain the varietal difference in degree of unsaturation of fatty acids observed earlier in alfalfa roots (8) .
The strong increase in the labeling in PC and PE of Rambler at both temperatures of incorporation during hardening was not observed in Caliverde (Fig. 6 ). This result suggests that synthesis of the fatty acids of phospholipids, especially that of PC, is related to hardening. The labeling pattern of the fatty acids of PC at 1 C at various times of hardening (Fig. 7) , which is similar to that of the total fatty acids (Fig. 5) , suggests that PC is involved in some way in the desaturation of oleic acid and in its control during the acquisition of frost hardiness. Indeed, it was in PC and in the hardy variety that the highest specific activities of linoleic acid were found. These values were much higher in PC than in PE.
The constant relatively high level of radioactivity found in free sterols of alfalfa roots during hardening is in agreement with the observation of Davis and Finkner (3) that in wheat roots sterol synthesis continues at a normal rate during hardening. Our data showing a great increase in labeling of sterol esters in both varieties during hardening, but mainly in the fatty acid moiety, agree with those obtained with potato tubers during germination by Duperon and Duperon (5). They suggest that sterol esters are formed from pre-existing membrane sterols during structural disorganization. This suggestion is difficult to reconcile with our observation that synthesis of SE is greater at 22 C than at 1 C.
The observed changes may affect mainly the ability of the cells to harden, by allowing membranes to function normally at low hardening temperatures, and would be a prerequisite to the acquisition of frost resistance. However, these changes may also help the cells to withstand dehydration caused by extracellular ice formation, for instance by increasing the permeability or the fluidity of cell membranes.
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